Rationale: GTP cyclohydrolase I (GTPCH-1) is the rate-limiting enzyme involved in de novo biosynthesis of tetrahydrobiopterin (BH 4 ), an essential cofactor for NO synthases and aromatic amino acid hydroxylases. GTPCH-1 undergoes negative feedback regulation by its end-product BH 4 via interaction with the GTP cyclohydrolase feedback regulatory protein (GFRP). Such a negative feedback mechanism should maintain cellular BH 4 levels within a very narrow range; however, we recently identified a phosphorylation site (S81) on human GTPCH-1 that markedly increases BH 4 production in response to laminar shear. Objective: We sought to define how S81 phosphorylation alters GTPCH-1 enzyme activity and how this is modulated by GFRP. Methods and Results: Using prokaryotically expressed proteins, we found that the GTPCH-1 phospho-mimetic mutant (S81D) has increased enzyme activity, reduced binding to GFRP and resistance to inhibition by GFRP compared to wild-type GTPCH-1. Using small interfering RNA or overexpressing plasmids, GFRP was shown to modulate phosphorylation of GTPCH-1, BH 4 levels, and NO production in human endothelial cells. Laminar, but not oscillatory shear stress, caused dissociation of GTPCH-1 and GFRP, promoting GTPCH-1 phosphorylation. We also found that both GTPCH-1 phosphorylation and GFRP downregulation prevents endothelial NO synthase uncoupling in response to oscillatory shear. Finally oscillatory shear was associated with impaired GTPCH-1 phosphorylation and reduced BH 4 levels in vivo. Conclusions: These studies provide a new mechanism for regulation of endothelial GTPCH-1 by its phosphorylation and interplay with GFRP. This mechanism allows for escape from GFRP negative feedback and permits large amounts of BH 4 to be produced in response to laminar shear stress. (Circ Res. 2010;106:328-336.)
7,8-dihydroneopterin triphosphate. The GTP cyclohydrolase feedback regulatory protein (GFRP) is an important modulator of GTPCH-1 enzyme activity. Crystal structures of the GTPCH-1/GFRP complex have shown that BH 4 is bound at the interface of these 2 proteins, and enzymatic studies have shown that BH 4 promotes inhibition of GTPCH-1 by GFRP in a negative feedback fashion. 10 Negative feedback is a ubiquitous mechanism that maintains the end-product of many enzymes within a very narrow range, and if fully functional in the case of GTPCH-1, should prevent large changes in intracellular BH 4 . We have recently demonstrated that laminar shear stress increases GTPCH-1 activity and BH 4 levels by 30-fold in human aortic endothelial cells (HAECs) and that this is mediated by phosphorylation of GTPCH-1 at serine 81 (S81) by the ␣ prime subunit of casein kinase 2 (CK2␣Ј). 11 These findings would suggest that laminar shear, and perhaps S81 phosphorylation of GTPCH-1, disrupts the negative feedback conferred by GFRP in endothelial cells.
This study was therefore performed to determine how GTPCH-1 phosphorylation affects its enzyme activity and its association with GFRP and to determine whether this interaction is affected by shear stress. We also studied the role of GFRP in endothelial cells to modulate GTPCH-1 phosphorylation, BH 4 levels and NO production. We compared the effects of unidirectional laminar shear to oscillatory shear stress both in vitro and in vivo in attempt to understand differences of BH 4 regulation in responses to these 2 mechanical stimuli. Our findings illustrate a new, previously unknown mechanism for regulation of GTPCH-1 activity in endothelial cells, which involves its phosphorylation and interaction with GFRP.
Methods
An expanded Methods section is available in the Online Data Supplement at http://circres.ahajournals.org.
Cell Culture, Transfection Procedures, and Shear Apparatus
HAECs were used between the third and sixth passages. Human umbilical vein endothelial cells (HUVECs) were purchased from the Emory Skin Diseases Research Center and used between the third and sixth passages. Plasmids (as described in the Online Data Supplement) were transfected in HAECs and HUVECs using PrimeFect II (Lonza) or Lipofectin (Invitrogen), respectively. HAECs were transfected with small interfering (si)RNA against GFRP, as described previously 11 and in the Online Data Supplement. Laminar (15 dyn/cm 2 ) and oscillatory shear (Ϯ15 dyn/cm 2 ) were applied using a cone-in-plate viscometer with a 1°angle in an incubator at 37°C in 5% CO 2 for 14 hours. 12 Casein kinase and bioluminescence resonance energy transfer (BRET) assays are described in the Online Data Supplement.
BH 4 , GTPCH-1 Activity, NO, and O 2 ⅐؊ Measurements
Endothelial BH 4 levels and GTPCH-1 activity were measured by high-performance liquid chromatography (HPLC) as previously described. 11 For analysis of wild-type (WT) GTPCH-1, S81D (serine 81/aspartate mutation of GTPCH-1) activity, a kinetic microplate assay was used in the presence of GTP and BH 4 as previously described. 13 Endothelial cell NO production was measured by electron spin resonance (ESR) using the specific colloid probe Fe 2ϩ diethyldithiocarbamate as described. 14 O 2 ⅐Ϫ production in HAECs was measured by quantifying formation of 2-hydroxyethidium from dihydroethidium (10 mol/L) by HPLC as previously described. 15 
Immunoprecipitation and Pull-Down Assays
Cells were cotransfected with HA-GTPCH-1 and DsRed-GFRP constructs for 48 hours and were immunoprecipitated using antiDsRed antibody. The immunoprecipitated proteins were separated by SDS-PAGE followed by Western blotting using an antihemagglutinin (HA) antibody (Cell Signaling Technology) or our custom made anti-GFRP antibody. For detailed antibody information see Online Data Supplement. Pull-down assays are described in the Online Data Supplement.
Animal Studies With Partial Carotid Ligation
The institutional Animal Care and Use Committee at Emory University approved all experimental protocols. C57BL/6 mice were obtained from Jackson Laboratories. Partial ligation of left common carotid artery (LCA) was carried out as previously described 16 to create low and oscillatory shear stress in LCA.
Statistical Analysis
All values are meansϮSEM. The data were compared between groups by t test when comparison between 2 groups was performed and by ANOVA for multiple comparisons. When significance was indicated by ANOVA, the Bonferroni post hoc test was used to make selected comparisons and the Dunnett post hoc test was used when one group was served as a control. A value of PϽ0.05 was considered significant.
Results

Functional Analysis of Phospho-Mimetic and Phosphorylation Resistant Forms of GTPCH-1
We have previously shown that laminar shear stimulates endothelial cell GTPCH-1 phosphorylation at S81, and also increases BH 4 levels and GTPCH-1 activity by Ϸ30-fold. 11 In this prior study, we also showed that inhibition of phosphorylation prevented GTPCH-1 enzyme activation by shear. 11 The mechanisms underlying regulation of GTPCH-1 activity by phosphorylation remain undefined. Figure 1A and 1B) and HAECs (Online Figure I) . Transfection with empty vector had no effect on BH 4 levels. Exposure of cells to shear increased BH 4 levels and GTPCH-1 activity in cells transfected with the WT enzyme, but did not in cells transfected with either S81D or S81A mutant constructs ( Figure 1B and Online Figure I ), consistent with the concept that these mutants could not be phosphorylated in response to shear. Importantly, cells transfected with the S81D mutant produced significantly more NO than cells transfected with either WT or S81A GTPCH-1 ( Figure 1C ). Because GFRP is known to inhibit GTPCH-1 activity in the presence of BH 4 in vitro, 17 we examined the effect of GFRP on activity of purified WT and S81D GTPCH-1 that had been expressed prokaryotically. The Vmax of purified S81D was increased by approximately 2-fold compared to the WT enzyme ( Figure 1D and Online Table I) . Surprisingly, whereas Vmax of the WT enzyme was halved by addition of an equimolar concentration of GFRP, the Vmax of S81D was resistant to inhibition by GFRP ( Figure 1D and Online Table I ). Moreover, GFRP binding increased the apparent Km of GTPCH-1, which also contributes to inhibition and increases the cooperativity of substrate binding. These effects were not seen in the S81D mutant. To summarize these results, GTPCH-1 phosphorylation at S81 increases its enzyme activity and its production of BH 4 and thus augments NO production in human endothelial cells. This is likely due, in part, to its resistance to feedback inhibition by GFRP.
Effect of GTPCH-1 S81 Phosphorylation on Interaction With GFRP
We next considered the hypothesis that phosphorylated GTPCH-1 has reduced binding to GFRP, which might explain its resistance to GFRP inhibition. To test this hypothesis, we used pull-down assays using prokaryotically expressed WT, S81D, and S81A GTPCH-1 fusion proteins containing a 6-His tag and a glutathione S-transferase-tagged GFRP fusion protein. These experiments demonstrated that S81D exhibited reduced interaction with GFRP compared to WT GTPCH-1, whereas S81A showed enhanced interaction both in the presence of BH 4 and GTP (Figure 2A and 2B) and in separate experiments, in the presence of phenylalanine (Online Figure II) . To examine binding of WT and mutant GTPCH-1 with GFRP in intact endothelial cells, we transfected HAECs with plasmids encoding DsRed-tagged GFRP and HA-tagged GTPCH-1 WT and mutant enzymes. GFRP was immunoprecipitated using an anti-DsRed antibody and the coprecipitated GTPCH-1 was detected using an anti-HA antibody. In keeping with the results from the pull-down assays, the cellular association of S81D with GFRP was reduced by about one half compared to WT and S81A GTPCH-1 as determined by densitometry ( Figure 2C and 2D). Thus, these results suggest that GTPCH-1 phosphorylation at S81 reduces its binding to GFRP and attenuates its feedback inhibition by GFRP.
Effect of GFRP on GTPCH-1 S81 Phosphorylation and Activity
Whereas GFRP has been shown to both inhibit and stimulate GTPCH-1 activity in vitro depending on interactions with either BH 4 or phenylalanine, 17 the role of GFRP in the endothelium in modulating BH 4 levels and NO production remains unclear. The above experiments show that GTPCH-1 phosphorylation reduces its binding to GFRP. We performed additional experiments to determine whether the opposite were true: that GFRP binding to GTPCH-1 would inhibit GTPCH-1 phosphorylation. The rationale for this hypothesis is that CK2, which we previously found responsible for GTPCH-1 phosphorylation, 11 is constitutively expressed and active, and that its ability to phosphorylate targets is regulated by binding partners of the targets. 18 In HAECs, GFRP small interfering (si)RNA decreased GFRP mRNA by 80% ( Figure  3A ), but did not change levels of GTPCH-1 protein, eNOS protein, or eNOS S1177 phosphorylation (Online Figure III) . Importantly, siRNA inhibition of GFRP expression increased GTPCH-1 S81 phosphorylation in a manner similar to that induced by unidirectional laminar shear ( Figure 3B and 3C) . We also found that downregulation of GFRP by siRNA markedly increased HAEC BH 4 levels and GTPCH-1 enzyme activity ( Figure 3D and 3E ). Of note, following downregulation of GFRP, shear no longer increased BH 4 levels or GTPCH-1 activity. This finding suggests that GFRP is critical for the increase in endothelial BH 4 and GTPCH-1 activity induced by shear. Finally, downregulation of GFRP by siRNA substantially increased endothelial cell production of NO ( Figure 3F ). In contrast to these effects of GFRP siRNA, nonsilencing RNA was without effect on GTPCH-1 activity, BH 4 levels, or NO production. Thus, GFRP plays an inhibitory role in regulation of human endothelial cell GTPCH-1 enzyme activity, BH 4 levels and NO production, in part, by mediating S81 phosphorylation.
To further examine the role of GFRP in modulation of endothelial cell GTPCH-1 phosphorylation and activity, we overexpressed GFRP in HAECs and exposed these cells to either static or shear conditions. Overexpression of GFRP alone almost completely abolished the increase in GTPCH-1 S81 phosphorylation caused by laminar shear ( Figure 4A and 4B). Likewise, GFRP overexpression also suppressed the increase in BH 4 levels, GTPCH-1 enzyme activity and NO production caused by laminar shear (Figure 4C through 4E) . We also cotransfected HAECs with GFRP and WT GTPCH-1 (Online Figure IV) . As expected, transfection of HAECs with GTPCH-1 alone significantly increased BH 4 levels, whereas cotransfection of GTPCH-1 with GFRP prevented this effect (Online Figure IV) . These findings further support the concept that GFRP regulates GTPCH-1 phosphorylation and BH 4 levels at baseline and in response to laminar shear stress in human endothelial cells.
Effects of GTPCH-1 S81 Phosphorylation and GFRP Downregulation on eNOS Uncoupling in Response of Oscillatory Shear Stress
We have previously shown that in contrast to laminar shear, oscillatory shear induced a minimal increase in BH 4 levels in HAECs. 11 Such a paucity of BH 4 in response to oscillatory shear might cause eNOS uncoupling. In keeping with this, oscillatory shear increased O 2 ⅐Ϫ production by Ϸ2-fold in control cells. In contrast, transfection of HAECs with GTPCH-1 WT, S81D, and S81A constructs all blocked the increase of O 2 ⅐Ϫ caused by oscillatory shear, but the greatest effect was observed with S81D ( Figure 5A ). Moreover, the NOS inhibitor L-NAME (N G -L-nitro-arginine methyl ester) blocked O 2 ⅐Ϫ production in untransfected cells, compatible with eNOS uncoupling, whereas transfection with any of the Figure 3 . Effect of GFRP downregulation by siRNA in modulating endothelial GTPCH-1 S81 phosphorylation and activity, BH 4 levels and NO production. HAECs were transfected with either a nonsilencing siRNA or GFRP siRNA or not transfected. A, GFRP mRNA levels measured using real-time PCR (nϭ4). B, Representative Western blot for S81 phospho-GTPCH-1 in HAECs exposed to 14 hours of laminar sheer stress and in cells transfected with siRNA against GFRP or a nonsilencing control siRNA. C, Densitometry values for phospho/total GTPCH-1 (nϭ3). D, BH 4 levels determined using HPLC (nϭ4 to 5). E, GTPCH-1 activity measured by HPLC (nϭ6 to 7). F, NO production measured using ESR (nϭ6).
GTPCH-1 constructs reversed this phenomenon such that L-NAME increased O 2 ⅐Ϫ production, suggesting that they were able to recouple eNOS in the setting of oscillatory shear stress ( Figure 5A ). All of the constructs prevented the decline of NO production in response to oscillatory shear stress, but S81D had the greatest effect on overall NO levels ( Figure   5B ). Downregulation of GFRP using siRNA also prevented eNOS uncoupling and reduction of NO in cells exposed to oscillatory shear ( Figure 5C and 5D ). These results indicate that GTPCH-1 levels, GTPCH-1 phosphorylation status and GFRP levels play critical roles in regulating eNOS uncoupling in response to oscillatory shear stress. Static OSS Figure 5 . Effects of GTPCH-1 phosphorylation and GFRP downregulation on eNOS coupling in HAECs exposed to OSS. HAECs were either not transfected or transfected with plasmids encoding HA-tagged WT, S81D, or S81A GTPCH-1. Forty-eight hours later, cells were either left in static conditions or exposed to oscillatory shear for 14 hours. Comparison of WT and S81 modified GTPCH-1 on O 2 ⅐Ϫ production (nϭ5 to 6) (A) and NO production (nϭ5) (B). Effect of GFRP downregulation by siRNA on O 2 ⅐Ϫ production (nϭ4 to 6) (C) and NO production (nϭ5) (D).
Comparison of the Effects of Laminar Versus Oscillatory Shear Stress on CK2␣ Activity and Association of GFRP With GTPCH-1
We previously demonstrated that laminar, but not oscillatory, shear stress stimulated GTPCH-1 phosphorylation at S81 by CK2␣Ј 11 ; however, the mechanism by which shear induces S81 phosphorylation is unknown. In initial experiments, we found that CK2␣Ј activity was similar in HAECs exposed to no shear, laminar or oscillatory shear ( Figure 6A ). Thus, CK2␣Ј is not directly affected by either laminar or oscillatory shear stress. We next sought to determine whether GFRP, which, as shown above, prevents GTPCH-1 phosphorylation, is released from GTPCH-1 to allow phosphorylation in response to laminar shear. We used 2 different approaches to examine the interaction of GTPCH-1 and GFRP in static and sheared cells: coimmunoprecipitation and BRET. Coimmunoprecipitation of HA-GTPCH-1 and DsRed-GFRP from static and sheared HAECs showed that the amount of GTPCH-1 coprecipitated with GFRP decreased after cells were exposed to laminar but not oscillatory shear ( Figure 6B and 6C). To analyze the interaction of these proteins using BRET, HAECs were cotransfected with plasmids encoding Renilla luciferase (Rluc8)-GTPCH-1 and Venus-GFRP fusion proteins and exposed to static and shear conditions. When Rluc8-GTPCH1 and Venus-GFRP were coexpressed and Rluc8 was excited with the substrate coelenterazine h, we detected a robust BRET signal with a value of 0.094Ϯ0.012 ( Figure 6D ). This BRET ratio was significantly lower in cells that were exposed to laminar but not oscillatory shear ( Figure  6D ). These results demonstrate that laminar shear causes the dissociation of GTPCH-1 and GFRP. Taken together with our experiments in which GFRP was either reduced by siRNA or overexpressed, this dissociation likely allows phosphorylation of GTPCH-1 at S81 and thus activates the enzyme.
In additional experiments, we sought to determine whether phosphorylation was either the cause or result of dissociation of GTPCH-1 and GFRP in the setting of laminar shear stress. Treatment of cells with 4,5,6,7-tetrabromobenzotriazole, a specific CK2 inhibitor that prevents GTPCH-1 phosphorylation, 11 did not affect dissociation of GFRP and GTPCH-1, as detected by coimmunoprecipitation ( Figure 6E and 6F) . Similarly, shear also reduced the interaction of GFRP and the phosphorylation resistant S81A GTPCH-1 mutant ( Figure 6G and 6H). These results indicate that S81 phosphorylation is likely the result of GFRP and GTPCH-1 dissociation and does not initiate dissociation of these proteins.
Effect of Oscillatory Flow on GTPCH-1 Phosphorylation and BH 4 Levels In Vivo
To determine whether different shear profiles have different effects on GTPCH-1 phosphorylation and BH 4 levels in vivo, we used an in vivo model of oscillatory shear stress by inducing partial carotid ligation. We ligated the external, internal and occipital branches of the LCA, while leaving the Figure 6 . Comparison of laminar (LSS) vs oscillatory shear stress (OSS) on the association of GTPCH-1 and GFRP and the role of GTPCH-1 phosphorylation on its dissociation from GFRP. A, CK2␣Ј kinase activity measured from CK2␣Ј immunoprecipitates in HAECs exposed to various shear conditions (nϭ6). B, Cells cotransfected with DsRed-GFRP and HA-GTPCH-1 constructs were exposed to various shear conditions and subjected to immunoprecipitation using anti-DsRed (IP:DsRed) antibody. IgG was used as a control for coimmunoprecipitation. Input amounts of GFRP and GTPCH-1 are shown below. C, Densitometry values for GTPCH-1 normalized to GFRP from coimmunoprecipitation (nϭ5 to 6). D, BRET ratio of GTPCH-1 interaction with GFRP in HAECs exposed to various shear conditions (nϭ5 to 11). E, Coimmunoprecipitation of DsRed-GFRP and HA-GTPCH-1 from HAECs exposed to static condition or laminar shear in the presence and absence of a CK2 inhibitor, 4,5,6,7-tetrabromobenzotriazole (TBB) (30 mol/ L). Representative Western blots for S81 phospho-GTPCH-1 and total GTPCH-1 are shown at the bottom. F, Densitometry values for GTPCH-1 normalized to GFRP from coimmunoprecipitation (nϭ5). G, Coimmunoprecipitation of DsRed-GFRP and HA-tagged S81A GTPCH-1 from HAECs exposed to static condition or laminar shear. H, Densitometry values for GTPCH-1 normalized to GFRP from coimmunoprecipitation (nϭ4).
superior thyroid artery intact in C57Bl/6 mice. This has been shown to result in low and oscillatory shear stress in the LCA and accelerates atherosclerosis in ApoE KO mice. 16 This procedure reduced GTPCH-1 S72-phosphorylation by 50% compared to right common carotid artery (RCA) in the same mouse as detected using a newly developed antibody to mouse GTPCH-1 phospho-S72, which is homologous to human phospho-S81 ( Figure 7A and 7B) . In accordance to impaired GTPCH-1 phosphorylation in LCA, partial ligation also decreased total biopterin production in LCA ( Figure 7C ). There was also evidence of BH 4 oxidation in LCA, as indicated by decreased ratio of BH 4 to BH 2 , likely attributable to increased reactive oxygen species production caused by oscillatory shear stress ( Figure 7C ). 16 Together, these markedly decreased BH 4 levels in regions of oscillatory shear in vivo. Moreover, these results show that shear forces modulate GTPCH-1 phosphorylation and BH 4 production in intact vessels.
Discussion
Recently, our laboratory has demonstrated that unidirectional laminar shear stress stimulates endothelial GTPCH-1 phosphorylation by CK2␣Ј and that this is associated with a marked increase in GTPCH-1 catalytic activity and BH 4 production. 11 Our present study provides additional insight into mechanisms underlying GTPCH-1 phosphorylation and modulation of its activity by the regulatory protein, GFRP. A phospho-mimetic mutant of GTPCH-1, S81D, was shown to have increased activity compared to the WT enzyme and in contrast to the WT enzyme, was resistant to negative feedback inhibition by GFRP. We demonstrated that the phosphomimetic mutant enzyme exhibited reduced binding to GFRP. Importantly, our data also indicate that GFRP regulates GTPCH-1 S81 phosphorylation. Reduction of GFRP levels using siRNA induced GTPCH-1 phosphorylation and dramatically increased endothelial cell GTPCH-1 activity, BH 4 levels and NO production. In contrast, overexpression of GFRP inhibited GTPCH-1 phosphorylation and reduced endothelial cell levels of BH 4 stimulated by laminar shear stress. Our data also showed that both transfection of S81D GTPCH-1 and downregulation of GFRP rescued eNOS uncoupling induced by oscillatory shear stress in HAECs. We also found that unidirectional laminar shear stress, which induces GTPCH-1 phosphorylation, decreased its association with GFRP. Our data also show that GTPCH-1 phosphorylation is likely a consequence, rather than a cause, of its dissociation from GFRP, because this phenomenon was not prevented by pharmacological inhibition of CK2 or by mutation of GTPCH-1 to prevent its phosphorylation. Finally, we demonstrated that oscillatory flow reduced GTPCH-1 phosphorylation, decreased total biopterin production, and augmented BH 4 oxidation in vivo.
Taken together, our findings are compatible with the scheme illustrated in Figure 8 . GTPCH-1 exists as a homodecamer in complex with 2 homopentamers of GFRP. We propose that unidirectional laminar shear initially promotes dissociation of GFRP and GTPCH-1. This permits access of CK2␣Ј to GTPCH-1, allowing phosphorylation of one or more S81 residues. The phosphorylation of S81 reduces reassociation of GFRP and GTPCH-1, allowing further phosphorylation of other S81 residues. The fully phosphorylated GTPCH-1 exhibits markedly increased activity in part because it has reduced affinity for GFRP and is not inhibited by GFRP, which leads to increased BH 4 levels and eNOS coupling. Our present in situ data do not allow discrimination between the direct effect of augmentation of GTPCH-1 activity by phosphorylation and the indirect effect of phosphorylation on altering association with GFRP; however our studies of purified WT and S81D GTPCH-1 would suggest that both are important. Our present findings provide further insight into differences between the effects of unidirectional laminar and oscillatory shear on endothelial cell function (Figure 8 ). In humans and experimental animal models, areas of oscillatory shear, such as bifurcations and branching points of arterial trees, are associated with enhanced atherosclerotic lesion formation, whereas areas of well-developed laminar shear have reduced atherosclerosis. 3 Over the long-term, laminar shear enhances NO production and reduces endothelial cells production of reactive oxygen species, whereas oscillatory shear has the opposite effects. 3 We previously demonstrated that GTPCH-1 was phosphorylated in response to unidirectional laminar shear, but not by oscillatory shear. 11 In the present study, we confirmed this by using an in vivo model of oscillatory shear stress induced by partial carotid ligation. We showed that oscillatory flow reduced GTPCH-1 phosphorylation, decreased total biopterin production and promoted BH 4 oxidation in vivo. A reduction in BH 4 levels in regions of oscillatory shear is likely to lead to eNOS uncoupling and promote the development and/or progression of atherosclerosis. Our studies suggest that both GTPCH-1 phosphorylation and GFRP downregulation can rescue eNOS uncoupling in the setting of oscillatory shear.
To explore the mechanism by which laminar shear stimulates GTPCH-1 phosphorylation, whereas oscillatory shear does not, we used 2 separate methods to show that laminar shear dissociates GFRP and GTPCH-1, whereas oscillatory shear does not. Our data indicate that the continued association of these 2 proteins in the setting of oscillatory shear would inhibit GTPCH-1 phosphorylation and thus prevents activation of the enzyme. The precise mechanism by which laminar shear causes dissociation of GFRP and GTPCH-1 remains undefined. In preliminary studies, we found that the onset of GTPCH-1 phosphorylation begins approximately 4 to 5 hours after initiation of shear stress (data not shown). This temporally corresponds to the time that endothelial cell shape changes in response to shear. It is therefore interesting to speculate that endothelial cell cytoskeletal reorganization could alter the respective subcellular localizations of GTPCH-1 and GFRP and promote their dissociation. A very recent study showed that GTPCH-1 interacts with a RhoGTPase, 19 which is activated by shear is known to modulate cytoskeletal reorganization. 20 Additional studies are needed to address this issue.
Comparison of results in endothelial cells with purified enzyme experiments is somewhat complicated by the contribution to GTPCH-1 regulation in cells of binding of ligands such as phenylalanine and BH 4 to sites on both catalytic GTPCH-1 domains and regulatory GFRP domains. These effects are buffer-dependent and probably account for the greater effects of S81 phosphorylation observed in cells. 13 Whereas GFRP is generally considered to inhibit GTPCH-1 in the presence of BH 4 , 21 the ubiquitously present amino acid phenylalanine reverses the inhibition of GTPCH-1 without causing the dissociation of GFRP in vitro. Our experiments using siRNA show that in intact endothelial cells, the predominant role of GFRP is marked inhibition of GTPCH-1 activity. In keeping with an inhibitory role of GFRP, Nandi et al showed that its overexpression attenuated lipopolysaccharide-and cytokine-stimulated BH 4 and NO production in an endothelial cell line. 22 Our results also reveal a novel mechanism for GFRP modulation of GTPCH-1 activity, by inhibiting its phosphorylation. Interestingly, in contrast to our conclusions, a very recent study showed no evidence for regulation of human GTPCH-1 by mouse GFRP when the former was expressed in murine fibroblasts. 23 It is conceivable that mouse GFRP might not effectively interact with human GTPCH-1 and thus does not regulate its activity or that this interaction is unimportant in fibroblasts. Our present studies clearly indicate a role of GFRP in modulation of both basal and laminar shear stimulated GTPCH-1 activity in human endothelial cells. Laminar shear stress causes dissociation of GTPCH-1 and GFRP, which allows phosphorylation of GTPCH-1 by casein kinase 2. Phosphorylation of GTPCH-1 dramatically increases its enzyme activity and leads to increased cellular BH 4 levels. This enhances endothelial cell BH 4 , which serves as a critical cofactor for eNOS, which is also increased in response to shear. Consequently, eNOS is coupled and produces NO to promote vasorelaxation. In contrast, oscillatory shear has no effect on the association of GTPCH-1 and GFRP, thus inhibiting GTPCH-1 phosphorylation and preventing activation of the enzyme. BH 4 -deficient eNOS produces O 2 ⅐Ϫ instead of NO on stimulation of the enzyme.
Our previous data indicate that CK2␣Ј is responsible for GTPCH-1 phosphorylation in response to laminar shear. 11 Pharmacological inhibition of CK2 and siRNA inhibition of CK2␣Ј eliminated S81 phosphorylation and the increase in GTPCH-1 activity caused by shear. 11 Our present finding that GTPCH-1 is phosphorylated when it dissociates from GFRP is in accordance with the action of CK2 on other substrates. CK2 is considered constitutively expressed and active, and its ability to phosphorylate target substrates is often modulated by other proteins that bind to these targets. 18 As an example, the nuclear factor B subunit p65 is known to be phosphorylated by CK2 when it is released from the inhibitory subunit IB. 24 Our finding that shear does not modulate CK2␣Ј activity is in keeping with the concept that it simply gains access to GTPCH-1 on GFRP dissociation. In preliminary studies, we were unable to demonstrate binding of CK2␣Ј with GTPCH-1 (data not shown), perhaps because the transient nature of this association.
In summary, we find that phosphorylation of GTPCH-1 is critical in activation of this enzyme, because this not only enhances its intrinsic activity but also reduces the feedback inhibition by its regulatory protein, GFRP. Our results establish a pivotal role of GFRP in regulating GTPCH-1 S81 phosphorylation and activity, BH 4 levels, and NO production in human endothelial cells. These data also demonstrate that the constitutive interaction of GTPCH-1 and GFRP can be regulated by laminar shear stress, which dynamically modulates GTPCH-1 phosphorylation and enzyme activity. The interplay between GTPCH-1 and GFRP shown in our study defines a novel mechanism of GTPCH-1 control in the endothelium. Moreover, our findings suggest that the mechanism regulating shear-induced GTPCH-1 phosphorylation and BH 4 synthesis is important for the in vivo situation.
